To date, there are no biomarkers for major depressive disorder (MDD) treatment response in clinical use. Such biomarkers could allow for individualized treatment selection, reducing time spent on ineffective treatments and the burden of MDD. In search of such a biomarker, multisite pretreatment and early-treatment (1 week into treatment) structural magnetic resonance (MR) images were acquired from 184 patients with MDD randomized to an 8-week trial of the selective serotonin reuptake inhibitor (SSRI) sertraline or placebo. This study represents a large, multisite, placebo-controlled effort to examine the association between pretreatment differences or early-treatment changes in cortical thickness and treatment-specific outcomes. For standardization, a novel, robust site harmonization procedure was applied to structural measures in a priori regions (rostral and caudal anterior cingulate, lateral orbitofrontal, rostral middle frontal, and hippocampus), chosen based on previously published reports. Pretreatment cortical thickness or volume did not significantly associate with SSRI response. Thickening of the rostral anterior cingulate cortex in the first week of treatment was associated with better 8-week responses to SSRI (p = 0.010). These findings indicate that frontal lobe structural alterations in the first week of treatment may be associated with long-term treatment efficacy. While these associational findings may help to elucidate the specific neural targets of SSRIs, the predictive accuracy of pretreatment or early-treatment structural alterations in classifying treatment remitters from nonremitters was limited to 63.9%. Therefore, in this large sample of adults with MDD, structural MR imaging measures were not found to be clinically translatable biomarkers of treatment response to SSRI or placebo.
INTRODUCTION
Major depressive disorder (MDD) is a leading global cause of disability (World Health Organization) and first-step antidepressant therapy only yields remission in a third of cases [1] . Further, there is typically a delay in onset of the therapeutic effects of selective serotonin reuptake inhibitors (SSRIs) ranging from 2 to 4 weeks [2] . Biomarkers predicting effective treatment courses prospectively, or early in the course of treatment, during this period of delayed therapeutic onset [3] could afford individualized treatment planning, reducing time spent on ineffective treatments, shortening patient suffering, and reducing the overall cost burden of MDD [4] .
Cortical thickness (CT) and volume in cortico-limbic circuits have been reported to be reduced in adults with MDD relative to healthy adults [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Postmortem data also shows reduced glial density and CT in orbitofrontal (OFC), anterior cingulate (ACC) and dorsolateral prefrontal (dlPFC) cortices in adults with MDD [20] [21] [22] [23] . There are many hypothesized mechanisms to explain structural deficits in MDD including, but not limited to, stress-induced structural alterations via glucocorticoid overproduction [24] and genetic loading for MDD, such as familial history of mood disorders [25, 26] .
Based on the evidenced structural deficits in MDD, pretreatment structural biomarkers for treatment response, such as hippocampal volume [27] , have been suggested. However, a replicable, clinically translatable biomarker has yet to emerge, perhaps due to small, heterogeneous samples, disparate treatment courses, and small effect sizes in previous studies [13] . This study overcomes some of these limitations with a large sample size, specific treatment arms, and restriction to two analyzable MDD subtypes. Investigations into structural magnetic resonance imaging (MRI) biomarkers of MDD treatment response have further been limited to trials without placebo-control groups, preventing assessment of biomarker specificity [6, 7, [28] [29] [30] [31] [32] [33] . To support causal inferences regarding a treatment's effect on the brain and to control for nonspecific treatment effects, placebo and/or active treatment control arms are critical [34] . Further, if a significant biological response to a medication can be observed early-in-treatment, this may provide additional information above and beyond pretreatment characteristics to aid in prediction. Short-term structural alterations during the period of delayed SSRI effectiveness have yet to be investigated as a means to predict eventual antidepressant treatment efficacy.
The clinical trial Establishing Moderators and Biosignatures of Antidepressant Response in Clinical Care (EMBARC) was designed to address critical gaps in the MDD literature with a large, multisite, randomized, placebo-controlled structure [35] . Unique to EMBARC's study design is acquisition of both pretreatment and early-treatment (1 week into treatment) structural MRI scans, with the goal of investigating associations with the treatment's eventual efficacy [35] .
Prospective, mixed-treatment studies have found greater hippocampal and dlPFC volumes at baseline in remitters compared to nonremitters [30] , and greater hippocampal volume to be associated with better clinical outcomes [31] . In fluoxetine trials, greater pretreatment hippocampal volume was found in female responders compared to nonresponders and was associated with better treatment outcomes across sexes [31] , as well as just in males [32] . Greater pretreatment volume and grey matter density in the ACC were also found to be predictive of remission [28] and to be associated with faster improvement [33] .
Longitudinal, mixed-treatment studies have found that OFC CT [7] and hippocampal volume [6] increased in patients with MDD over 6-36 months of treatment. Hippocampal volume, rostral middle frontal (RMF, largely overlapping with the dlPFC) CT, and OFC CT have been found to increase longitudinally in remitters and decrease in nonremitters [31] . These studies provide preliminary evidence that hippocampal, OFC, RMF, and ACC morphology may associate with MDD treatment response. However, large sample sizes and placebo-controlled treatment trials are critically needed to validate any of these regions as replicable, reproducible, and treatment-specific biomarkers of MDD treatment response.
Based on these pretreatment and longitudinal neuroimaging studies, the a priori measures of interest: rostral ACC, caudal ACC, OFC, and RMF cortical thickness and volume, and hippocampal volume, were selected in the hopes that with EMBARC's large, placebo-controlled design, more conclusive evidence of their role in MDD treatment response may emerge. As these regions have been associated with executive functioning, cognition, memory formation, and emotional processing [29] , these regions may be specifically implicated in the antidepressant effects of SSRIs. Our primary hypothesis was that individuals with a positive response to SSRI treatment, characterized by changes in a continuous measure of depression severity, would present with thicker/larger cortices pretreatment and would further display cortical thickening/enlargening in the acute phase of treatment, relative to those with a nonresponse to SSRI treatment. We sought to determine if the potential relationship between brain structure and treatment response was differentially detectable across the treatment arms. Lastly, we sought to determine if pretreatment and earlytreatment changes in CT and volume could accurately predict eventual treatment response and response trajectories, and if there was an effect of chronic or recurrent MDD subtypes.
MATERIALS AND METHODS

Participants
The rationale and study design for EMBARC has been previously published [35] . EMBARC is a double-blind, randomized, placebo-controlled trial of the SSRI sertraline in patients with MDD. Basic inclusion criteria were being 18-65-years old, meeting criteria for nonpsychotic MDD (DSM-IV TR using the SCID-I/P [36] ) and scoring ≥14 on the Quick Inventory of Depressive Symptoms (QIDS-SR; [37] ). To reduce heterogeneity, only patients with early onset MDD (before age 30) and chronic (episode duration >2 years) or recurrent MDD (≥2 recurrences) were enrolled, as described [35] .
Pretreatment, patients were assessed with the 17-item Hamilton Depression Rating Scale (HDRS-17; [38] ) and randomized to placebo or sertraline (200 mg daily), with at least a 21-day medication free period prior to randomization. In this analysis, only patients with pretreatment HDRS-17 scores ≥15 were included to ensure treatment response was only assessed in patients experiencing moderate depressive symptomatology at the time of the pretreatment MRI scan [38] . Trivedi et al. [1] showed that the mean time to SSRI-induced remission was less than 7 weeks. Therefore, the treatment course for this trial was restricted to 8 weeks, wherein participants were readministered the HDRS-17. Remission was defined a priori within EMBARC as a posttreatment HDRS-17 score of ≤7 [35] . [39] . In short, MPRAGE sequences were acquired at TX, UM, MGH, and SBU, while an IR-FSPGR sequence was acquired at CU. Sequence parameters were as follows: TR/TE = 5.9-8.2/2.4-4.6 ms, 8-12°flip angle, 1 mm slice thickness, 4.4-5.5 min acquisition, and 1 mm isotropic voxel dimensions.
MRI
Image processing Raw structural images were passed through Freesurfer 5.3.0 (http://surfer.nmr.mgh.harvard.edu/) to extract CT (rACC, cACC, OFC, RMF) and volume (CT regions + hippocampus) from the Desikan-Killiany atlas [40] . Freesurfer surface models underwent systematic quality control, shown to improve statistical power, at a single site for optimal reliability [39] .
Of 677 patients screened, 309 were randomized, and 305 underwent pretreatment MRI [35] . Of the 305, 270 (89%) had approved Freesurfer segmentations. Of the 270 approved, 216 patients completed 8 weeks of treatment and pretreatment and posttreatment HDRS-17 assessments (70% of randomization sample). Of these, 192 also had approved week 1 Freesurfer segmentations (62% of randomization sample). An additional 32 of the 216 pretreatment MRI scans (N = 184 remaining) and 27 of the 192 pretreatment + week 1 scans (N = 165 remaining) were excluded for pretreatment HDRS-17 scores <15.
Statistical analyses: site harmonization
An open-source site harmonization procedure, ComBat, previously validated on CT data from the EMBARC study, was used to remove variability associated with different scanners and sites. To generate site-corrected neuroimaging data, Empirical Bayes estimation linearly models the biological variables and site effects, where an error term accounts for site-specific scaling factors, a property unique to ComBat harmonization [41] . Fortin et al. [41] showed that ComBat corrected for mean site differences, and compared to residuals harmonization and adjusted residuals harmonization, ComBat was the only method to significantly correct for site-specific scaling effects. Age, age 2 , and sex were entered as biological variables to ComBat, along with raw week 0 and 1 CT and volume data and the site variable, to generate site harmonized CT and volume. Harmonization results were examined with percent differences (| harmonized -unharmonized |/unharmonized*100) and two-tailed, paired t -tests. Site harmonization yielded average percent differences of 2.08 ± 1.78% and 2.10 ± 1.80% for week 0 and week 1 data, respectively. Importantly, in the unharmonized data, across the 4 sites (SBU scans (the fifth site) were excluded from the following t -tests across sites given that only 2 scans were performed there) and 9 a priori structural measures (volume + CT measurements from the cACC, rACC, RMF, and OFC, as well as hippocampal volume), there were nine cases in the week 0 data and eight cases in the week 1 data with Bonferonni-corrected significant site-wise differences in CT or volume (54 tests, Bonferonni significance threshold: p < 0.00093), indicating a substantial site-by-region effect. However, in the ComBat harmonized data, these site effects were removed, whereby across week 0 and 1 data, there were no significant differences between imaging sites. Therefore, site was not used as a model factor in subsequent testing.
Statistical analyses: a priori cortical thickness testing To investigate whether pretreatment or early-treatment changes in cortical thickness were associated with SSRI or placebo clinical responses, linear mixed models were fit with the site harmonized pretreatment CT or the percent change in CT from week 0 to 1 (ΔCT = [week 1 -week 0]/week 0) as the dependent variable with percent change in HDRS-17 from week 0 to 8 (ΔHDRS-17 = [week 8 -week 0]/week 0) included as the measure of treatment outcome, along with treatment assignment, age, age 2 , sex, and region as additional model factors. To determine which regions were driving significant interaction terms, follow-up analyses of these effects were conducted.
Statistical analyses: a priori volumetric testing In addition to investigating CT, the above linear mixed models were also examined with volume estimates. Site harmonized volume estimates were log transformed to fulfill normality assumptions. (Harmonized cortical thickness was normally distributed.) Statistical analyses: machine learning classification models Two methods for predictive modeling were investigated: (1) random forest (RF) and (2) penalized logistic regression (PLR). The harmonized neuroimaging data (pretreatment CT/volume and early-treatment change in CT/volume), psychometric data (pretreatment HDRS-17), and demographic data (age, age 2 , sex, and treatment assignment) were used to predict remission status. Ten repetitions of five-fold cross-validation were used to determine average model performance. The top 10 predictors determined using variable importance ranking for remission status were selected in the final models. Predictive analyses were performed in R 3.3.1 (R Core Team, 2016. Vienna, Austria; https://www.R-project. org/).
Statistical analyses: exploratory post hoc Any significant regional post hoc CT or volume effects found were further examined in exploratory analyses to determine if the neuroimaging effects (1) predicted the trajectory of HDRS-17 scores during the 8-week trial and (2) were driven by patients of either the chronic or recurrent MDD subtypes.
RESULTS
Participants
Of the total patient sample used in this analysis (N = 184), 34% of patients remitted (30% placebo and 39% sertraline remission rates). The difference in remission rates across treatments was not significant (p = 0.19). Study randomization resulted in treatment groups with similar ages, sex distributions, years of education, and ages of first MDE onsets. Pretreatment HDRS-17 was not significantly different across treatment or remission groups (Table  1) .
Across the pretreatment and early-treatment CT and volume models tested, the structural metrics did not significantly associate with nonspecific treatment response (main effect of ΔHDRS-17 or interaction between ΔHDRS-17 and region p-values = 0.14-0.80; full model results for all tests in Supplementary Tables), indicating that the significant effects outlined below are treatment-specific.
A priori cortical thickness testing Pretreatment CT was significantly differentially associated with clinical response across the treatment arms (p = 0.040; Table 2 ). Follow-up revealed only a placebo-specific effect of thinner pretreatment RMF cortices associating with better responses to placebo (p = 0.025; Table 2 ; Fig. 1 ). The difference in the association between pretreatment RMF and response to either placebo or sertraline had a Cohen's d effect size of 0.090.
Across the whole sample, on average, cortical thickness increased in all regions during the first week of treatment with the largest changes seen in the rACC and RMF (percent differences -OFC: 0.05 ± 4.08%, cACC: 0.18 ± 4.87%, RMF: 0.25 ± 3.24%, rACC: 0.31 ± 5.48%). Early-treatment CT alterations were significantly differentially associated with clinical response across the treatment arms (p = 0.004; Table 2 ). Follow-up revealed that this effect was driven by rACC early-treatment changes in the sertraline group and RMF changes in the placebo group. Early-treatment rACC thickening significantly associated with better clinical response to sertraline (p = 0.010), while early-treatment RMF thickening significantly associated with better clinical response to placebo (p = 0.033) ( Table 2 ; Fig. 1 ). The difference in the association between rACC and RMF early-treatment changes and response to either sertraline or placebo had effect sizes of d = 0.250 and 0.036, respectively.
A priori volumetric testing Pretreatment volume did not significantly associate with treatment response differentially across the arms (p = 0.65). However, early-treatment volume alterations were significantly differentially associated with clinical response across the treatment arms (p = 0.046; Table 2 ). Post hoc analysis revealed that RMF enlargening in the first week of treatment associated with better responses to placebo (p = 0.022; Table 2 ; Fig. 1 ). The difference in the association between RMF early-treatment change and response to either placebo or sertraline had an effect size of d = 0.104.
Machine learning classification models The RF and PLR models yielded similar results. Using the neuroimaging, psychometric, and demographic data, remission status was predicted more accurately with RF than PLR (Accuracy = 63.9 ± 1.7%, AUC = 58.6 ± 2.2%, sensitivity = 22.6 ± 5.0%, specificity = 85.8 ± 2.4% with RF and Accuracy = 60.6 ± 1.8%, AUC = 64.8 ± 2.4%, sensitivity = 12.8 ± 7.3%, specificity = 86.1 ± 5.5% with PLR). The receiver operating characteristic curve for the RF method is shown in Fig. 2 .
Exploratory post hoc To investigate whether brain structure predicts the trajectory of HDRS-17 throughout the trial, all HDRS-17 scores collected were analyzed (weeks 0-4, 6, and 8). Multivariable linear mixed models were fit with HDRS-17 score trajectory modeled as a linear function of time as the outcome to investigate the interaction between the significant predictors from primary testing (rACC CT change with sertraline, pretreatment RMF with placebo, and RMF CT and volume change with placebo) and treatment week (baseline to week 8). Results showed that the early-treatment change in rACC CT in the sertraline treatment arm significantly predicted the negatively sloped HDRS-17 trajectory over the course of treatment (p = 0.016, β = −5.373, df = 435, t = −2.41), bolstering the a priori, primary finding that rACC early-treatment thickening was associated with better responses to sertraline. Within the set of n = 165 patients with pretreatment + week 1 scans, 73 exhibited chronic MDD (44.2%), 88 exhibited recurrent MDD (53.3%), and 4 had missing data. Remission rates across the MDD subtypes (chronic = 28.8% and recurrent = 38.6%) did not significantly differ (p = 0.19, df = 1, χ 2 = 1.73). To investigate if the significant effects from primary testing were driven by differences between the MDD subtypes, the same linear mixed models were fit as performed in the a priori hypothesis testing section, but with MDD subtype added as a fixed factor. Only the significant effects from above were examined. The effect of thicker pretreatment RMF associating with better placebo response was driven by the chronic MDD subtype (p = 0.01, β = 0.12, df = 169, t = 2.59), whereas the early-treatment change in RMF CT and volume effects were driven by the recurrent MDD subtype (CT: p = 0.02, β = −0.03, df = 150, t = −2.37; volume: p = 0.0008, β = −0.05, df = 150, t = −3.41). Whereas for sertraline, the effect of earlytreatment change in rACC CT remained marginally significant in the chronic subtype (p = 0.057, β = -0.05, df = 150, t = −1.92), but was nonsignificant in the recurrent subtype.
DISCUSSION EMBARC provides a unique opportunity to examine pretreatment and short-term alterations in brain structure occurring within the first week of SSRI and placebo treatment. Cortical thickness alterations in the 1-week interval used in this study have been shown to be detectable via 3T structural MRI, for example, in learning new tasks [42] and following electroconvulsive shock therapy [43] . EMBARC's double-blind, randomized, placebocontrolled structure provides a basis for understanding whether potential structural treatment response markers are specific to the SSRI, sertraline. While not significant, the remission rate for the SSRI arm in this trial was higher than the placebo arm (39% and 30%, respectively). These rates are marginally higher, but in agreement with, a pooled analysis of double-blind, randomized sertraline trials totaling over 4000 patients with MDD (35% and 24% for sertraline and placebo, respectively) [44] . We report evidence of early-treatment CT and volume alterations that differentially associate with clinical treatment response across placebo and sertraline treatment groups. Specifically, we found that bilaterally, rostral ACC CT alterations in the first week of treatment associate with the eventual change in symptom severity during a trial of sertraline, while RMF pretreatment CT, and CT and volume alterations in the first week of treatment, associate with the change in symptom severity during the placebo trial.
The magnitude of effect sizes between the treatment arms (placebo and sertraline) in this study are consistent with, and even larger than, structural findings distinguishing over 1700 patients with MDD from over 7000 healthy controls (compare effect sizes equaling −0.10 to −0.14 in two ENIGMA studies [12, 13] to effect sizes ranging from 0.036 to 0.250 in this study). Although consistent, or larger than, previous findings in MDD, it is critical to emphasize that the size of these effects indicate that the structural measures in this study are not likely effective biomarkers for MDD treatment response. Based on the large sample size used to determine these effects, this study is not underpowered and, as such, future work should instead focus on a combination of psychometric and structural and functional neuroimaging data to develop a combinatory biosignature capable of clinical translation.
The accuracy of pretreatment or early-treatment structural metrics to perform individualized classification of treatment remission was limited here to less than 65% across the classification methods tested. With a specificity of 86%, 107 of 109 nonremitters were correctly identified as such. However, with a sensitivity of approximately 13%, only 2 of 56 remitters were correctly identified. Therefore, if pretreatment and early-treatment structural data were presently translated to the clinic as a biomarker for treatment response, 97.6% of patients would be expected to not remit. Clearly, a treatment biomarker that classifies 2% of patients as remitters, when SSRI remission rates are typically in the range of 30-40% [44] , is not at a stage to be of immediate clinical use. The fact that the expected, and experimentally determined, nonremission rate for sertraline is approximately 60-70% makes the threshold for accepting a treatment response predictor much higher than if response rates were higher. As shown in this analysis, although the algorithm classified patients with 64% accuracy, it identified essentially all patients as nonremitters. Therefore, prediction accuracy must be well above the nonremission rate, in this case, to be of any clinical use. Findings of this nature, where significant relationships emerge, but do not provide predictive power, can however, provide insights into SSRI and placebo mechanisms of action. Our main finding that early-sertraline rACC thickening associates with efficacious SSRI treatment courses indicates that specific, short-term rACC CT alterations may play a role in the sertraline antidepressant response. Interestingly, we also found in exploratory analyses that changes in rACC CT in the first week of sertraline treatment predicted the trajectory of HDRS-17 scores across the trial, strengthening our finding that rACC thickening is associated with better responses to sertraline. The rACC is thought to be the "affective subdivision" of the ACC [45] , supporting the regulation of stress response and assigning emotional valence to stimuli [46] . This is especially relevant given that a body of evidence suggests that antidepressants exert their effects through remediating affective biases early following administration [47] . Harmer et al. (2009) proposed the cognitive neuropsychological hypothesis of antidepressant drug action, where rapid shifts toward positive affective biases occur after pharmacological initiation and these shifts in emotional and introspective processing gradually change behavior and mood in order to alleviate depressive symptoms. Not only are short-term reversal of negative biases in recognition of facial expressions and emotional categorization seen in depressed patients acutely administered antidepressants [48] , but this shift toward positive affective bias was also observed in healthy volunteers administered SSRIs [49] . This idea that affective, potentially introspective or self-referential, adaptions occur very early in treatment hinges on the notion that there are in fact, relevant pharmacological changes induced immediately, i.e., activation of second messenger systems and alterations to gene expression [47] . Short-term increases in rACC GABA concentration, acquired with MR spectroscopy, have been shown to significantly associate with SSRI clinical response [50] , supporting the notion that pharmacoactive alterations can occur in this small time window. The exact biological mechanism underlying short-term thickening of this region is difficult to pinpoint. Downstream GABAergic signaling is one promising hypothesis. However, direct serotonergic input from the SSRI early-in-treatment could also lead to this effect.
It has been widely accepted that there is a 2-4 week delay in the onset of the therapeutic effects of SSRIs [2] . Despite this, it has been shown that SSRIs exert their serotonin transporter blocking effects within minutes [51] . Thus, hypotheses have emerged to explain the short-and long-term adaptations that might explain the delayed onset of antidepressant effects. Within the first 2 weeks of SSRI administration, serotonin reuptake is blocked at neurons originating in the dorsal raphe nucleus [52, 53] . This reuptake blockage increases endogenous serotonin at the presynaptic cell body, yielding an immediate inhibition of serotonergic firing, mediated by serotonin 5-HT 1A autoreceptor negative feedback [51] . This short-term inhibition of serotonergic activity results in decreased serotonin availability cortically [52] . Decreased endogenous serotonin in the cortex would then cause increased expression of postsynaptic 5-HT 1A receptors (upregulation) in the short-term following SSRI administration [53] .
With continued SSRI administration, however, serotonergic neurons become disinhibited [51] , mediated by a downregulation of desensitized 5-HT 1A autoreceptors and the continual blockade of serotonin transporters [53] . This yields increased serotonin available postsynaptically [53] . Thus, these adaptations Fig. 1 Location of Freesurfer Desikan-Killiany defined rostral middle frontal (LEFT) and rostral anterior cingulate (RIGHT) found to be significant with harmonized morphology data Fig. 2 Receiver operating characteristic (ROC) curves for classifying posttreatment remission status generated from 10-repeated 5-fold cross-validation. Averaged ROC curve shown using threshold averaging based on the random forest model using the subset of the 10 most important predictors. Mean and standard deviation for the area under the curve (AUC) shown are thought to underlie the delay in the therapeutic effect of SSRIs [54] . This is bolstered by evidence that concomitant administration of SSRIs with the 5-HT 1A autoreceptor antagonist pindolol accelerates the antidepressant response by simulating autoreceptor down-regulation at the initiation of treatment [55] .
We posit that the associations between early-treatment rACC cortical thickening and sertraline treatment response may be a marker for a normative SSRI mechanism of action, whereby increased 5-HT 1A receptor concentrations occur cortically in the acute phase of treatment. This hypothesis is bolstered by recent evidence suggesting a positive relationship between CT and 5-HT 1A receptor concentration in a range of cortical regions [56] . Although speculative and unable to be tested within this study, the cortical thickness alterations may be a consequence of fluctuations in cortical 5-HT 1A receptor concentrations. Individuals with short-term cortical thickening may either have a stronger 5-HT 1A up-regulation response than those with less thickening (or even thinning) or may have the same rate of 5-HT 1A up-regulation, but have more serotonergic neurons that can express the receptor. In either case, these conditions create the setting for a positive SSRI treatment response. While all a priori regions thickened during the first week of SSRI intervention, the hypothesized targeted role of the rACC in enhanced adaptive introspective processing or assigning affective bias may contribute to this localized relationship with eventual treatment response.
The fact that no significant relationships emerged between these structural metrics and nonspecific treatment response argues for the investigation of placebo-specific biomarkers. While ethical considerations prevent these markers from being clinically useful in prescribing placebo, meaningful conclusions may be drawn from them regarding the placebo mechanism of action. The idea that placebo treatment induces distinct alterations in the brain has been previously theorized [57, 58] . Leuchter et al. (2002) [59] showed an increase in prefrontal cortex activity early in placebo treatment that was absent in the SSRI treatment condition. The novel short-term RMF cortex effects we find to be specific to positive placebo responses may be linked to the opioid system, which has been heavily implicated in the distinct antidepressant role of placebo treatment [60, 61] . In fact, Petrovic et al. [62] found increased functional MRI activation in a portion of the ventrolateral prefrontal cortex overlapping with the RMF used in this study, in analgesia and anxiolytic placebo treatments relative to specific treatments. Because these prefrontal placebo activations also covaried with rACC activity in the placebo condition, the authors hypothesized that placebo treatment follows a top-down influence over the opioid system, where portions of the prefrontal cortex, including the RMF, are thought to be responsible for processing the expectation for treatment and initiate cascades of mu-opioid activation that act on the rACC [62] . This expectation for treatment pathway appears to only play a significant role in the placebo antidepressant response, as Leuchter et al. (2014) showed that expecting an efficacious medication only predicted placebo response and was not significantly related to response to antidepressant medication [63] .
The expectation for treatment, mediated opioid system cascade may initiate through activation of local enkephalinergic interneurons within the RMF [62] , yielding a local increase in thickness and volume as observed in this study that may be mediated by spine and synapse turnover or dendritic branching. Future studies with structural MRI 2 or 3 weeks into treatment would be critical in testing whether the potential top-down regulation of opioid transmission in the ACC via the RMF also modulates ACC structure during treatment. We hypothesize that the observed effect of thicker pretreatment RMF cortices associating with worse responses to placebo represents a ceiling effect of the RMF mediated top-down influence on the opioid system. In the placebo group, post hoc analysis showed a negative relationship between pretreatment RMF CT and the early-treatment change in RMF CT (Pearson's r = −0.21, p = 0.047), where individuals presenting with thicker RMF cortices exhibited less cortical thickening and even thinning, in the first week of placebo treatment. This indicates that initiating placebo treatment with a thicker cortex may prevent further thickening, meaning the neural plasticity necessary for treatment expectation to confer a topdown modulation of the opioid system would be absent or reduced.
This neuroimaging analysis of a large, placebo-controlled SSRI trial has some limitations. EMBARC was focused to early-onset, chronic/recurrent patients with MDD to reduce heterogeneity since varying ages of onset, chronicity, and recurrency have all shown to be associated with treatment response [35, 64] . Because there are no current clinical biomarkers predicting treatment outcome in MDD as a whole and given the heterogeneity of MDD, focusing on specific subtypes of MDD may be a necessary approach for biomarker identification. Our exploratory analyses showed that the chronic MDD subtype in the sertraline arm and the recurrent MDD subtype in the placebo arm drove the association between response and early-treatment alterations. This data highlights a specificity not only across treatment arms, but also between subtypes and provides a foundation for future studies aimed at subtype-specific biomarker discovery.
While EMBARC contains a placebo arm, active-control arms can also provide valuable information about the treatment's biological specificity [65] . EMBARC does, however, contain a second stage where nonresponders were switched to buproprion (for sertraline nonresponders) or to sertraline (for placebo nonresponders) [35] . Future analyses using this data could build upon this work. Further, as with any treatment, there is also a placebo effect present (e.g., the patient expecting an effective treatment), so although the rACC results were specific to the sertraline arm relative to the placebo arm, this effect is potentially entangled with a placebo effect. Further, the specificity of findings to the rACC and RMF cortices were discovered in follow-up analyses (post hoc) testing of the linear mixed model interaction terms. These interaction terms showed that there was a region-specific effect of brain structure and treatment response that differed across the treatment arms. Post hoc testing was subsequently performed to determine, which regions drove the effect. However, the post hoc nature of these follow-up analyses should be considered. Also, the duration between medication initiation and the week 1 scan was not controlled for in this analysis. It may be that due to the short duration between scans in the EMBARC study and the relatively small magnitude of morphologic changes observed, that these measurements may be particularly sensitive to deviations from an exact 7-day duration study design. Further work might investigate this effect and consider this factor as a potential covariate. Although MR scanners across the sites were of 3T strength, scanner differences necessitated a statistical site harmonization method to be employed. Though site differences can be a challenge, inclusion of a representative sample without geographical or scanner restrictions that can be postprocessed to remove potential confounding biases is also a study strength.
To conclude, we used noninvasive structural estimates to determine if short-term alterations associate with long-term, treatment-specific responses. We found that early-treatment rACC thickening associates with efficacious sertraline responses, while early-treatment RMF thickening and enlargement correlates with efficacious placebo responses. Moreover, thicker RMF cortices at baseline associated with worse placebo responses. The differential early-treatment morphologic alterations accompanying sertraline and placebo responses provides evidence of short-term, antidepressant-specific neuroplasticity associated with amelioration of MDD symptomatology. It is likely that brain structure could play a role in multimodal neuroimaging studies aimed at developing clinically translatable biomarkers of MDD treatment response. Further, combined PET/MRI studies are necessary to test our hypothesis that specific serotonergic activity gives rise to cortical thickness alterations early-in SSRI treatment.
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